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ABSTRACT
The X-ray binary Her X-1 consists of an accreting neutron star and the optical com-
ponent HZ Her. The 35-day X-ray superorbital variability of this system is known
since its discovery in 1972 by the Uhuru satellite and is believed to be caused by
forced precession of a warped accretion disk tilted to the orbital plane. We argue that
the observed features of the 35-day optical variability of HZ Her can be explained by
free precession of the neutron star with a period close to that of the forced disk. The
model parameters include a) the X-ray luminosity of the neutron star; b) the optical
flux from the accretion disk; c) the tilt of the inner and outer edges of the accretion
disk. A possible synchronization mechanism based on the coupling between the neu-
tron star free precession and the dynamical action of non-stationary gas streams is
discussed.
Key words: accretion, accretion discs – X-rays: binaries – X-rays: individual: Her
X-1
1 INTRODUCTION
HZ Her/Her X-1 is an intermediate mass X-ray binary
consisting of a 1.8 − 2.0M evolved sub-giant star and a
1.0−1.5 M neutron star observed as X-ray pulsar (Tanan-
baum et al. 1972). The binary orbital period is Pb = 1.7
days, the X-ray pulsar spin period is Px = 1.24 seconds.
The optical star HZ Her fills its Roche lobe (Crampton &
Hutchings 1972) to form an accretion disk around the neu-
tron star. Before X-ray observations, HZ Her had been clas-
sified as an irregular variable. Due to the X-ray irradiation,
the optical flux from HZ Her is strongly modulated with the
orbital period, as was first found by inspecting archive photo
plates (Cherepashchuk et al. 1972). Using the phase connec-
? E-mail: kolesnikovkda@gmail.com (DAK)
tion technique, the timing analysis of the RXTE and INTE-
GRAL observations of Her X-1 enabled the orbital ephemeris
of Her X-1 to be updated, the secular decay of the orbital
period to be improved, and the orbital eccentricity to be
measured (Staubert et al. 2009b).
The X-ray light curve of Her X-1 is additionally modu-
lated with an approximately 35-day period (Giacconi et al.
1973). Most of the 35-day cycles last 20.0, 20.5 or 21.0 orbital
periods (Staubert et al. 1983; Shakura et al. 1998a; Klochkov
et al. 2006). The cycle consists of a 7-orbits “main-on” state
and a 5-orbits “short-on” state of lower intensity, separated
by 4-orbits intervals during which the X-ray flux vanishes
completely.
Since the first Uhuru observations (Giacconi et al.
1973), the nearly regular 35-day X-ray light curve behaviour
of Her X-1 has attracted much attention. It is now recog-
© 2019 The Authors
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nized that the 35-day superorbital cycle of Her X-1 can be
explained by the retrograde orbital precession of the accre-
tion disk (Gerend & Boynton 1976; Shakura et al. 1999a).
The 35-d cycle X-ray turn-ons most frequently occur at the
orbital phases ∼ 0.2 or ∼ 0.7, owing to the tidal nutation
of the outer parts of the disk with double orbital frequency
when the viewing angle of the outer parts of the disk changes
most rapidly (Katz 1973; Levine & Jernigan 1982; Giac-
coni & Ruffini 1978). The disk retrograde precession results
in consecutive opening and screening of the central X-ray
source (Giacconi & Ruffini 1978). The X-ray light curve is
asymmetric between the “on” states due to the scattering of
X-ray radiation in a hot rarefied corona above the disk. In-
deed, the X-ray “turn-on” at the beginning of the “main-on”
state is accompanied by a significant decrease in the soft X-
ray flux because of strong absorption. No essential spectral
change during the X-ray flux decrease is observed, suggest-
ing the photon scattering on free electrons of the hot corona
close to the disk inner edge (Becker et al. 1977; Davison &
Fabian 1977; Parmar et al. 1980; Kuster et al. 2005).
Soon after the discovery of the X-ray pulsar, the neu-
tron star free precession was suggested as a possible expla-
nation to the observed 35-day modulation (Brecher 1972;
Novikov 1973). Later on, the EXOSAT observations of the
evolution of X-ray pulse profiles of Her X-1 with the 35-day
cycle phase was also interpreted by the neutron star free
precession (Truemper et al. 1986). Shakura (1995) studied
the influence of the free precession of the neutron star to its
rotational period. This was further investigated by Staubert
et al. (2009a) and Postnov et al. (2013) using an extensive
set of RXTE data. Staubert et al. (2013b), however, showed
that the possibly existing two “35-d clocks”, i.e. the preces-
sion of the accretion disk and the precession of the neutron
star, are extremely well synchronized – they show exactly
the same irregularity. This requires a strong physical cou-
pling mechanism which could, for example, be provided by
the gas-dynamical coupling between the variable X-ray il-
luminated atmosphere of HZ Her and gas streams forming
the outer part of the accretion disk (Shakura et al. 1999b;
Staubert et al. 2013b).
The X-ray pulse profile are observed to strongly vary
with the 35-day phase (Truemper et al. 1986; Deeter et al.
1998; Scott et al. 2000; Staubert et al. 2013a) differing sig-
nificantly at the main-on and the short-on states.
Such changes are difficult to explain by the precessing
disk only. As was shown by Postnov et al. 2013, the X-ray
RXTE/PCA pulse evolution with the 35-day phase could be
explained by the neutron star free precession with a complex
magnetic field structure on the neutron star surface. In this
model, in addition to the canonical poles (a dipole magnetic
field), arc-like magnetic regions around the magnetic poles
are included, which is a consequence of a likely non-dipole
surface magnetic field of the neutron star (Shakura et al.
1991; Panchenko & Postnov 1994).
Multiyear X-ray observations shows that there was long
(up to 1.5 year) turn-offs of X-ray source, but X-ray irradi-
ation effect was present during these periods (Parmar et al.
1985; Vrtilek et al. 1994; Coburn et al. 2000; Boyd et al.
2004; Still & Boyd 2004). This is probably due to decreas-
ing the angle between the disk and the orbital plane. X-ray
source remains obscured by the disk while the angle is close
to 0.
Photoplate data shows that there was periods of ab-
sence of X-ray irradiation effect (Jones et al. 1973; Hudec &
Wenzel 1976). That means accretion vanished during that
periods.
Let’s return to the 35-day modulation of X-ray flux. In
the present paper, we have analyzed extensive optical photo-
metric observations of HZ Her collected from the literature
and obtained by the authors. We have found that the model
of a precessing tilted accretion disk around a freely precess-
ing neutron star with complex surface magnetic field is able
to explain the detailed photometric light curves of HZ Her
constructed from all observations available.
2 FREE PRECESSION OF NEUTRON STAR
IN HER X-1
The free precession occurs when a non-spherical solid body
rotates around an axis misaligned with the inertial axes.
Consider two-axial precession of a neutron star rotating with
the angular frequency ω, see Fig. 1. If the moments of inertia
are I1 = I2, I3 and the difference between the moments of
inertia is small, (I1− I3)/I1  1, the angular velocity of the
free precession reads
Ωp = ω
I1 − I3
I1
cos γ (1)
where γ is the angle between the I3 inertia axis and the
total angular momentum vector which in this case (Ωp  ω)
almost coincides with the instantaneous spin axis ω.
From the analysis of the X-ray pulses, in paper Postnov
et al. 2013 the map of emitting regions on the neutron star
surface and the angle between the spin axis and the inertial
axis of the neutron star were recovered. The emitting regions
include the north and south magnetic poles surrounded by
horseshoe-like arcs. The geometry of these regions is due to
a complicated non-dipole magnetic field near the neutron
star surface. In this model, the emitting arcs enclose the in-
ertial axis, and therefore the storage of accreting matter can
produce asymmetry in the principal moments of inertia. In
this case, the sign of the precession frequency in equation
1 is positive, i.e. the direction of the free precession motion
coincides with that of the the neutron star rotation. In the
general case, the neutron star can perform a more compli-
cated three-axial free precession (Shakura et al. 1998b).
The equality of periods of the neutron star free preces-
sion and the disk precession is likely to be not coincidental.
During the neutron star free precession, the irradiation of the
donor star surface strongly changes. The stellar atmosphere
heating determines the initial velocity and direction of gas
streams flowing through the vicinity of the inner Lagrangian
point. In the general case, the gas streams flow off the orbital
plane to form the outer parts of a tilted accretion disc. The
dynamical action of the streams affects the disk precession,
and therefore in such a system, the disk precession can occur
synchronously with the neutron star free precession.
3 MAGNETIC FORCES
The location of the inner edge of the disk is defined by the
break of the disk flow near the magnetospheric boundary
MNRAS 000, 1–12 (2019)
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Figure 1. Schematic of the free precession of a neutron star. The
angle between the inertia axis I3 and the neutron star spin axis is
50°. The angle between the radius-vector to the north magnetic
pole and the I3 axis is 30°. In the course of free precession, the
north magnetic pole draws a circle around the I3 axis on the neu-
tron star surface (solid line), and the angle β crosses the critical
angle β0 twice. Trail of the magnetic dipole axis on the surface of
the neutron star is shown by the smallest circle (gray line). Sign
“eq.” denotes the equator of the neutron star.
at a distance of about 100 neutron star radii (∼ 108 cm).
The magnetic field induces a torque on the inner parts of the
disk. In the model of interaction of a diamagnetic thin accre-
tion disk with a magnetic dipole (Lipunov & Shakura 1976;
Lipunov et al. 1981; Lipunov 1987), the magnetic torque
averaged over the neutron star spin period reads:
Km =
4µ2
3piR3d
cosα(3 cosβ − 1)[nω,nd]. (2)
Here, µ is magnetic moment of the neutron star, Rd is inner
radius of the disk, α is the angle between the neutron star
rotational axis and the inner disk axis, β is the angle between
the neutron star spin axis and the magnetic dipole. nω is
the unity vector along the neutron star spin, nd is the unity
vector along the normal to the inner disk.
Magnetic torque Km vanishes if α = 0°, α = 90° or
β = β0 = arccos
√
3/3. If α 6= 0°, α 6= 90° and β 6= β0,
the magnetic torque is non-zero. The sign of the magnetic
torque changes when β crosses the critical angle β0.
In our model, the angle β changes because of the neu-
tron star free precession, see Fig. 1, and the angle α changes
because of the disk precession. As a result, the function
Km(α, β) must be quite complicated, see Fig. 6.
A non-zero magnetic torque forces the inner edge of
the disk warp with respect to the outer edge. When the
magnetic torque vanishes, null warp is expected (the disk
becomes flat), which should affect the optical light curve
of HZ Her. Below we construct a geometrical model that
takes into account the effect of variable irradiation of HZ
Her caused by the warped precessing accretion disk with an
account of the periodically variable X-ray beam from the
freely precessing neutron star.
4 B AND V OPTICAL OBSERVATIONS
To construct optical light curves of HZ Her, the following
B and V photometrical observations were used. The 1972
– 1998 data were compiled from Petro & Hiltner (1973),
Davidsen et al. (1972), Boynton et al. (1973), Lyutyj (1973),
Grandi et al. (1974), Luytyi (1973), Cherepashchuk et al.
(1974), Voloshina et al. (1990), Lyutyj & Voloshina (1989),
Kiliachkov & Shevchenko (1978), Kilyachkov & Shevchenko
(1980), Kiljachkov & Shevchenko (1988), Kiljachkov (1994),
Kippenhahn et al. (1980), Gladyshev (1981), Mironov et al.
(1986), Goransky & Karitskaya (1986). In total, the 1972
– 1998 data include 5771 individual observations in B and
5333 in V bands. The 2010 – 2018 observations were car-
ried out by the authors and include 14034 B and 8661 V
individual measurements.
To construct orbital light curves of HZ Her at different
phases of 35-day cycle, we have used the orbital ephemeris of
the binary system from Staubert et al. (2009b). The 35-day
phases were calculated using X-ray turn-ons of Her X-1 as
measured by the Uhuru, Swift, RXTE, BATSE (Burst And
Transient Experiment) and INTEGRAL X-ray observato-
ries, which are kindly provided by Ru¨diger Staubert. The
individual measurement occuring during 35-day cycles with
unknown turn-ons have been ignored. The resulted orbital
B, V light curves in 20 35-day intervals can be found on the
GitHub Repository1 and are shown in Fig. 10 by dots.
5 THE MODEL
The numerical approach for calculation of the optical light
curves of HZ Her is similar to that used by Wilson &
Devinney (1971), Howarth & Wilson (1983). Following this
method, the surface of the optical star has been split in
small areas. Fluxes from the areas visible to the observer
sum up to produce the synthetic light curve. It is assumed
that the areas have a blackbody spectrum with a tempera-
ture defined by the surface local gravity and the X-ray irradi-
ation from the neutron star. Besides, our model implements
the complex X-ray shadow formed by the warped disk and
non-isotropic X-ray intensity pattern from the neutron star.
The C and Python codes of the model are available on the
GitHub Repository2.
5.1 Geometry of the donor star
We assume that the optical star is bounded by an equipo-
tential surface corresponding to the Roche potential. In the
Cartesian coordinates xyz with the origin at the center of
mass of the optical star which is rotating synchronously with
the binary system, the Roche potential is (Kopal 1959):
ψ =
Gm1
r1
+
Gm2
r2
+
ω2
2
[(
x− m2a
m1 +m2
)2
+ y2
]
, (3)
where xy axes are in the orbital plane, x axis is forwarded
to secondary star center, r1 =
√
x2 + y2 + z2 and r2 =√
(a− x)2 + y2 + z2 is the distance from the center of mass
of the first star and the second star to a given point, respec-
tively, a is the distance between centers of mass of the stars,
see Fig. 2.
In the dimensionless units (a = 1), the Roche potential
1 https://github.com/eliseys/data
2 https://github.com/eliseys/discostar
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reads (see, e.g., Cherepashchuk (2013)):
Ω =
ψ
Gm1
− m
2
2
2m1(m1 +m2)
=
1
r
+q
(
1√
1− 2x+ r2 − x
)
+
+
1
2
(1 + q)(x2 + y2) , (4)
where r =
√
x2 + y2 + z2 is the distance from the center of
mass of the optical star m1, q = m2/m1 is the compact to
optical component mass ratio.
The value of Ω is defined through the Roche lobe fill
fraction:
µ =
R?0
R0
, (5)
where R0 is the polar radius of the Roche lobe, R
?
0 is the
polar radius of the star. Two parameters q and µ explicitly
define the shape of the donor star.
The unit normal vector to a point on the surface of the
star is defined by the Roche potential gradient:
n =
∇Ω
|∇Ω| . (6)
The gravity acceleration vector is:
g = −∇Ω . (7)
The vector of a surface element in the spherical coordinate
system with the origin in the star’s barycenter is:
dS =
n dS
n · r (8)
where dS = r2 dϕ dθ cos θ is the surface area element; the
factor 1/(n · r) is introduced because the surface of the star
is not perpendicular to the vector r, see Fig. 2.
The projection of the surface element vector onto the
sky plane is:
no · dS , (9)
where no is the unity vector pointed to the observer.
5.2 Surface temperature of the donor star
We assume that the donor star surface at any point emits a
blackbody spectrum. The radiation flux from the blackbody
surface element dS is defined by its temperature T :
dF = σBT
4dS , (10)
where σB is the Stefan-Boltzmann constant. Due to the tem-
perature variation over the stellar surface, different parts of
the star differently contribute to the total flux. The gravita-
tional darkening and X-ray irradiation are also taking into
account in the surface temperature change.
The gravitational darkening depends on the surface
gravity g:
T = T0
(
g
g0
)β
, (11)
where T0 and g0 are the temperature and gravity acceler-
ation at the donor star pole, respectively. The coefficient
β is set to 0.08 (von Zeipel 1924). The polar temperature
T0 is free parameter, and g is calculated by differentiating
equation 3.
In the presence of X-ray irradiation, the surface element
Figure 2. Schematic of the donor star illuminated by the central
X-ray source (NS).
dS is illuminated by the external radiation flux AdFx, where
A is the fraction of the thermalised X-ray flux. Thus, the
total radiation flux from the surface element reads:
σT 4irrdS = dF +AdFx , (12)
where Tirr is the effective temperature of the element with
an account of the X-ray irradiation.
5.3 Geometry of the accretion disk
Here we introduce a formalism which enables us to calculate
the X-ray shadow produced by a warped, inclined disk with
a finite width of the outer edge.
The accretion disk is modelled by N circle rings and an
external cylindrical belt centered on the neutron star. The
orientation of the each individual ring i is determined by
the orthonormal vector di, i = {1, 2 . . . N}. The external
cylindrical belt is described by the radius R and height H.
We assume that the disk is mostly warped near its in-
ner edge because of the interaction with the neutron star
magnetosphere. The radii of the circles representing such a
disk are ordered as r1  r2 > r3 > . . . > rN , where r1 is
the radius of the outermost ring and the external belt, rN is
the radius of the innermost ring. In our model, we assume
that the coordinates {θi, ϕi} of the vector di change linearly
with the index i:
θi = θ1 + i
θN − θ1
N − 1 , (13)
ϕi = ϕ1 + i
ϕN − ϕ1
N − 1 . (14)
This enables us not to define the position of each ring but
only of the innermost dN ≡ din and the outermost d1 ≡
dout rings.
To describe the disk twist, we introduce the twist angle
Z ≡ ϕout − ϕin between the nodal lines of the outermost
and innermost rings, see Fig. 3.
The X-ray radiation flux from the neutron star passing
between the i-th and the i+ 1-th ring is blocked. The cylin-
drical belt also screens the X-ray radiation from the central
neutron star within the solid angle 2piH/R.
MNRAS 000, 1–12 (2019)
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Figure 3. Model of the disk. Disk is modelled by N circle rings.
Central part is shown not to scale. Radius of the outer ring is much
larger than radii of rest of the rings: r1  r2 > r3 . . . rN . Outer
and inner circle has the nodal lines Aout and Ain respectively.
The angle between Aout and Ain is the twist angle Z.
5.4 Transit and eclipse of the accretion disk
During the orbital motion, the accretion disk and the X-ray
source are eclipsed by the donor star near the orbital phase
0. Oppositely, the disk and the X-ray source transits in front
of the donor star near the orbital phase 0.5. This gives rise
to the main and secondary minima on the light curves at
the orbital phases 0 and 0.5, respectively.
In the present study, we have not modelled the primary
minima of the orbital light curves and have excluded the
orbital phases 0.0–0.13 and 0.87–1.0 from calculations of
the synthetic orbital light curves. To model the secondary
minimum of the orbital light curves we have used the ray-
marching technique.
The contibution from the disk Fd to the observed light
curve is defined by the dimensionless parameters FB and
FV :
FB,V =
(
Fd
F0
)
B,V
. (15)
Here F0 is the flux from the optical star at the orbital phase
0. The parameters FB and FV are assumed to be constant
during the orbital period but can vary with the 35-day phase.
5.5 X-ray emission from the neutron star
To calculate the temperature distribution over the surface
of the donor star illuminated by X-rays from the neutron
star, we have used non-isotropic X-ray source intensity which
was adopted from the model constructed by Postnov et al.
(2013). The X-ray intensity pattern was derived from the
analysis of X-ray pulse evolution of Her X-1 with the 35-
day period. In this model, the neutron star experiences the
free precession with a period close to 35 days, see Fig. 4.
According to the model, X-ray emission leaves the neutron
star perpendicular to its surface in “narrow pencil beams”,
such that one does not have to worry about gravitational
bending. The X-ray diagram illuminating the optical star
HZ Her is obtained by averaging the emission from the neu-
tron star surface over the fast neutron star spin period 1.24 s.
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Figure 4. X-ray intensity from the neutron star surface in Her
X-1 as function of spherical coordinates at the free precession
phases Ψ = 0.0, 0.25, 0.5 and 0.75 (Postnov et al. 2013). The
latitude of the neutron star’s north pole is 90°. The longitude
180° corresponds to the meridian passing through the poles and
the magnetic dipole at the free precession phase Ψ = 0. This
figure was produced by summation of intensity of all emitting
regions on the surface of the neutron star. White ring here is the
same as solid ring on the Fig. 1
Figure 5. Orientation of the neutron star angular momentum
J relative to the observer. The origin of the coordinate system
is at the neutron star center. The axes x and z lie in the sky
plane. The axis x is pointed to the observer. The axis z goes
along the projection of the binary orbital momentum vector to
the sky plane. The angle θns is the angle between J and the sky
plane. The angle κns is the angle between the projection of J on
the sky plane and the z axis.
The averaged intensity is modulated by the neutron star free
precession.
Following Postnov et al. (2013) we set the angle θns be-
tween the rotation axis of the neutron star and the sky plane
to −3°. The minus sign means that the north hemisphere is
directed off the observer. The second angle κns, which is the
position angle of the rotation axis of the neutron star, is a
free parameter, see Fig. 5.
In the case of non-isotropic X-ray emission from the neu-
tron star the irradiation flux impinging a surface elemental
area of the optical star is
dFx = Ix(r2)
dS · r2
r2
, (16)
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where Ix(r2) = dLx(r2)/dΩ is the X-ray intensity in the
direction r2 (see Fig. 2).
6 MODELLING
We assume that the retrograde disk precession phase Φ
changes linearly with time. The phase angle of the outer
disk edge is defined as a function of the 35-day phase
n = {0, 1, 2 . . . 19}
Φ = −n2pi
N
+ Φ0 , (17)
where N = 20 is the number of discrete phases of the 35-
day cycle. The phase angle Φ0 is the initial disk precession
angle. At the phase angle Φ0 the disk is mostly opened to
the observer. The value of Φ0 is treated as free parameter.
The neutron star free precession is assumed to be a
prograde linear function of n with the initial phase angle
Ψ0:
Ψ = n
2pi
N
−Ψ0 . (18)
Ψ0 is the phase angle at which the north magnetic pole of the
neutron star passes most closely to the neutron star equator.
Following Postnov et al. (2013) we set Ψ0 = 2pi/20.
6.1 Free parameters of the model
The model parameters are summarized in Tables 1 and 2.
They list the parameters that have been fixed and changing
during the 35-day cycles, respectively. The fixed model pa-
rameters have been taken from the literature, and the chang-
ing parameters have been found by best-fitting the model
optical light curves within the limits shown in the second
column of Table 2.
6.2 Results of the modelling
The results of best-fitting of the model parameters with ob-
served B and V light curves constructed for 20 intervals of
the 35-day cycle are presented in Figures 6, 7, 8, 9, 11. The
observed B and V light curves constructed for 20 intervals of
the 35-day cycle according to the procedure described above
in Section 4 are presented in Fig. 10.
6.2.1 Disk tilt angles
In Fig. 6 we show the disk tilt angles to the orbital plane (the
inner and outer disk tilts θin, θout) and the disk twist angle
Z as a function of the 35-day cycle phase number n, for three
best-fit models. The model light curves were calculated for
an even grid of Z from −90° to +90° with 10° step. Three
model light curves with Z producing the minimal reduced
χ2 values are shown in Fig. 10 by solid lines. The χ2 is
calculated as
χ2 =
1
N −Nvar
N∑
i
(yi − f(xi))2 (19)
where N is the number of observed points in each 35-day
phase interval (typically several hundreds), Nvar = 6 is the
number of fitting parameters for each twist angle Z (see
Table 2), yi and xi is the observed flux and orbital phase,
respectively, f(x) is the synthetic light curve.
The filled circles Fig. 6 are χ2 gray-coloured (the scale
at the bottom of the Figure) and correspond to three best-fit
light curves from Fig. 10. The phase interval marked with
n = 0 corresponds to the beginning of the main-on state.
The light gray vertical strips mark the main-on and short-
on states of Her X-1.
Fig. 6 suggests that the outer disk tilt θout (the upper
panel of the Figure) stays at about 15° during the main-on
and tends to lower values about 10° during the short-on. The
inner disk tilt θin (the middle panel) varies between ∼ 15°
and ∼ 5°. The Z-angle describing the disk twist (the lower
panel of the Figure) strongly changes between ∼ −90° and
∼ +90°. In our model, zero twist angle corresponds to null
magnetic force moment Km (the right scale of the bottom
panel) when the accretion disk is the least warped. The solid
line in the bottom panel shows the expected magnetic torque
acting on the inner edge of the disk see equation 2 with
the adopted fixed parameters of the neutron star shown in
the Table 1. Therefore, the change of the parameters of the
warped twisted accretion disk shown in Fig. 6 with the 35-
day phase are in qualitative agreement with our physical
model.
6.2.2 Disk fluxes
Fig. 7 shows the proper disk fluxes FB (the upper panel)
and FV (the lower panel) in units of the optical B, V fluxes
from the star at the orbital phase 0 (the primary orbital min-
imum). The filled gray-scaled circles show the same models
as in Fig. 6. It is seen that the disk flux is maximum during
the main-on state and points to the existence of the second
maximum at 35-day phases 0.65–0.70 at the beginning of the
short-on. The first maximum is higher because of the addi-
tional (on top of purely geometrical view) irradiation of the
outer parts of the disk by the central X-ray source. Such a
behaviour of the disk flux is expected in our model because
the zero phase of the neutron star free precession is close to
the beginning of the main-on.
6.2.3 X-ray luminosity
In Fig. 8 we plot the total X-ray luminosity of the neutron
star as a function of the 35-day phase. The meaning of the
filled circles is the same as in the two previous Figures. The
spread in the X-ray luminosity found from the best-fitting of
the optical light curves can be due to the construction of the
observed light curves from different 35-day cycles. The total
X-ray luminosity clearly demonstrates the growth from the
main-on to short-on state. Physically, this may be connected
with the storage of matter in the disk during the main-on
when the optical star is mostly illuminated by the X-ray
source and the gas stream through the Lagrange point L1
from the optical star is the most powerful. The time delay be-
tween the main-on and short-on states roughly corresponds
to the viscous time of the accretion disk (Klochkov et al.
2006).
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Table 1. The model parameters fixed during the 35d cycle
Parameter Symbol Value Ref.
Semi-major axis a 6.502× 1011 cm Leahy & Abdallah (2014)
Mass ratio, Mx/Mv q 0.6448 Leahy & Abdallah (2014)
Roche lobe filling factor µ 1.0 assumed
Gravity darkening coefficient β 0.08 assumed
X-ray reprocessing factor A 0.5 assumed
Disk radius R/a 0.24 assumed
Outer disk thickness H/R 0.15 assumed
NS orientation angle κns 10° assumed
NS orientation angle θns −3° Postnov et al. (2013)
NS initial phase angle Ψ0 2pi/20 Postnov et al. (2013)
Star’s polar temperature T0 7794.0 K Leahy & Abdallah (2014)
Binary inclination i 88.93° calculated to reproduce correct main-on/short-on beginning
Disk max opening phase angle Φ0 2pi/5 assumed
Table 2. The model parameters changing with the 35d cycle
phase
Parameter Symbol Limits
NS X-ray luminosity Lx 0.1 ... 10× 1037 erg/s
Disk outer edge tilt θout 0 ... 40°
Disk inner edge tilt θin 0 ... 40°
Disk normalized B-flux FB 0 ... 4
Disk normalized V -flux FV 0 ... 4
Disk phase angle Φ −20° . . . 20°
dev. from linear law
Disk twist ϕout − ϕin Z −90 ... + 90°
with 10° step
6.2.4 Outer and inner disk viewing angles
In Fig. 9 we show the angles between the outer (out) and
inner (in) disk planes and the viewing angle (the upper
and bottom panels, respectively). In the upper panel, the
light hatched strip marks the range of out inside which the
X-ray source is screened by the outer disk plane (the low
states of Her X-1). It is seen that out behaves with the 35-
day phase in a way enabling the main-on state. As for the
short-on, several points appears inside the screened area,
which means that no X-ray radiation should be visible by
observer. The visible disagreement with the obtained best-
fit out < H/R ∼ −8° can be related to the different 35-day
cycles used to construct the optical light curves and to the
likely variability of the disk thickness with the 35-day phase.
In the bottom panel, the angle in vanishes by the end of
the main-on, which is indeed expected because the X-ray
spectroscopic observations (Kuster et al. 2005) suggest that
the hot inner parts of the accretion disk screens the X-ray
source at the main-on termination.
6.2.5 Outer disk retrograde precession
Fig. 11 shows the phase angle of the outer disk with the
35-day phase (the upper panel). Clearly, this plot confirms
our assumption about an almost even rate of the outer disk
retrograde precession. Deviations in the disk phase angle ∆Φ
from the linear law Φ = Ωt are within the narrow range ±20°
(the bottom panel), which may be either due to physical
variability or a large collection of different 35-day cycles used
to construct the optical light curves.
7 DISCUSSION
The results presented in the present paper support the phys-
ical model of the 35-day cycle of HZ Her/Her X-1 based
on the free precession of the neutron star and retrograde
precession of the surrounding twisted warped accretion disk
(Prokhorov et al. 1990; Ketsaris et al. 2000; Staubert et al.
2009a; Postnov et al. 2013). In this model, the synchroniza-
tion between the neutron star free precession period and the
precession period of the accretion disc is mediated by vari-
able gas stream from the Lagrange point L1. The properties
of the stream are modulated with the neutron star free pre-
cession period because of variable X-ray illumination of the
optical star atmosphere.
In the present study we have made several assumptions
to be discussed. First, we have fixed the binary parameters of
HZ Her/Her X-1, the neutron star parameters (viewing an-
gle, location of emitting regions on the surface around mag-
netic poles, X-ray emission diagram, etc.), accretion disk
radius and outer disk thickness, which were adopted from
previous works (see Table 1). Of them, the neutron star pa-
rameters could mostly affect the synthesized light curves be-
cause they determine the X-ray illumination of the optical
star atmosphere.
Second, we have ignored the detailed temperature dis-
tribution across the accretion disk, which may be quite com-
plicated. Therefore, we have not modelled orbital phases 0.0–
0.13 and 0.87–1.0 during which eclipsing effects by the op-
tical star are important. The binary inclination i is known
to be close to 90°. In our modelling, we computed it from
the following conditions: 1) the outer disk precession is uni-
form; 2) the outer disk thickness is constant; 3) the X-ray
source opens by the outer disk edge both in main-on and
short-on states; 4) the maximum disk opening occurs at the
precession phase angle Φ0 = 2pi/5. Clearly, either of these
conditions are approximate, but the change of i by 1° doesn’t
change qualitative conclusions of our modelling.
We also discuss a possible syncronisation mechanism
between the neutron star free precesion and accretion disc
precession.
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Figure 6. Disk tilt angles to the orbital plane θin, θout and the
disk twist angle Z as a function of the 35-day cycle phase number
n (the upper, middle and bottom panels, respectively). The solid
line in the bottom panel shows the expected magnetic torque Km
acting on the inner disk (in dimensionless units, right axis) from
the freely precessing neutron star with param-eters from Table 1.
The gray vertical strips mark the main-on and short-on states of
Her X-1. The filled circles gray-coloured with reduced χ2 values
(the scale in the bottom) correspond to three best-fit model light
curves presented in Fig. 10.
The observed periodic change of the X-ray pulse shape
favours the neutron star free precession. In this model, the
neutron star free precession period is very close to that of
the accretion disk precession, suggesting a synchronization
mechanism between the neutron star and accretion disk mo-
tion.
The inner part of the accretion disk is warped by the
magnetic torque of the neutron star magnetosphere. The
torque changes during the neutron star free precession pe-
riod which affects the character and degree of the curvature
of the inner disk parts.
Dynamic action of accretion streams interacting with
the disk tends to increase the disk precession period. With-
out the dynamic action of accretion streams, the disk preces-
sion period would be determined by the tidal torques only
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Figure 7. The proper optical B,V-fluxes from the disk for the
models described in Fig. 6 normalized to the optical star flux at
the primary eclipse.
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Figure 8. Total X-ray luminosity of the neutron star for the
models described in Fig. 6.
and would be shorter than observed. We suggest that the
neutron star – disk synchronization is possible if the periods
of the neutron star free precession and accretion disk are
close to each other.
However, the neutron star crust is subject to cracking
because of variable torques. The neutron star crust crack
can abruptly change the neutron star free precession period,
see equation 1. If a crack is large enough, synchronization
can break, decreasing the anisotropy of the disk shadow on
the optical star atmosphere and hence the outer accretion
disk tilt to the orbital plane. In this case, an anomalous low
state of Her X-1 where the X-ray emission is fully blocked by
the accretion disk can occur. However, during the anomalous
low state the inner part of the accretion disk subjected to
the magnetic torque from the neutron star magnetosphere
keeps warped, blocking the X-ray emission from the neutron
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Figure 9. The angle between the outer and inner disk edge with
the viewing angle (out and in, the upper and bottom panels,
respectively) for the models from Fig. 6. Hatched area in the
upper graph indicate the area where the X-ray radiation is blocked
by the outer edge of the disk.
star in some directions, and the disk shadow on the optical
star surface still remains asymmetrical relative to the orbital
plane. Therefore, the emerging gas pressure gradients near
the inner Lagrangian point will deflect the accretion stream
from the orbital plane. Ultimately, such deflected accretion
streams may tilt the outer parts of the disk again, enabling
the opening of the X-ray source for the observer during the
disk precessional motion.
According to our modelling, the magnetic dipole axis
far from the surface of the neutron star (at the distance
∼ 100Rns) should be misaligned with the direction to the
north magnetic pole on the neutron star surface by about
10°–15° (see Fig. 1). It may be due to a complex structure
of the magnetic field near the neutron star surface, as sug-
gested by the modelling of X-ray pulse profiles (Postnov
et al. 2013).
In our model, the neutron star X-ray luminosity changes
by a factor of ∼ 3 with the maximum being at the short-on
phase. During the short-on phase, the north magnetic pole of
the freely precessing neutrons star is closest to the neutron
star spin axis. It means that at these phases most of the
X-ray radiation is directed away from the optical star and
the observer. This is why the increase in Lx at these phases
does not affect both the optical light curve shape and the
observable X-ray flux.
Our model suggests that during the main-on state,
where the maximal X-ray irradiation of the optical star oc-
curs, the matter additionally accumulates in the disk. This
excess matter accretes onto the neutron star on a viscous
time scale of the disk, which should be of the order of many
orbital periods.
8 CONCLUSIONS
In this paper, we calculated orbital light curves of
HZ Her/Her X-1 for 20 phases of 35-day superorbital cy-
cle. The main features of the model include a tilted, warped
and precessing accretion disk and a freely precessing neu-
tron star. The precessing accretion disk produces a complex
varying shadow on the atmosphere of the optical star shap-
ing the optical light curve. The freely precessing neutron
star serves as the clock mechanism providing the long-term
stability of the 35-day cycle. We find that the model with a
warped precessing tilted disk can adequately reproduce the
observed light curves photometrical behaviour under physi-
cally motivated choice of the model parameters.
The precession angle of the disk linearly increase with
the 35-day phase with a maximum opening of the X-ray
source to the observer during the main-on state of Her X-1
at the phase ' 0.2. Geometrical parameters of the disk vary
with the 35-day cycle. Only inner regions of the disk are
warped due to the magnetic torque from the neutron star
magnetosphere. The warp magnitude and sign are in agree-
ment with the predicted behaviour of the magnetic torque
as a function of the angle between the magnetic dipole axis
and the neutron star spin axis which changes periodically
with the neutron star free precession phase.
The model parameters depending on the 35-day phase
change smoothly. The spread of some parameters is due to
the use of observations taken over long period of time cov-
ering a large number of 35-day cycles.
The obtained high X-ray luminosity of the source dur-
ing the short-on phase is likely to be due to accumulation of
matter in the outer disk during the main-on and latter ac-
cretion of the accumulated matter in the viscous disk time.
During the short-on state, the north magnetic pole of the
neutron star has the largest viewing angle and directed away
from the optical star. Therefore, no significant changes in the
optical light curves amplitude and X-ray flux are observed.
We discuss the possible synchronization mechanism be-
tween the neutron star free precession and the disk pre-
cession. It can be related to the dynamical interaction of
gas streams from the inner Lagrangian point with the outer
parts of the disk. The streams can flow out of the orbital
plane because of the uneven X-ray illumination of the op-
tical star atmosphere produced by the changing shadow of
the tilted twisted accretion disk. In this model, the anoma-
lous low states of Her X-1 could be a consequence of crust
glitches of the freely precessing neutron star. Such a glitch
changes abruptly the neutron star precession period and
hence breaks the neutron star – accretion disk synchroniza-
tion. This results in a more even illumination of the optical
star atmosphere and decrease of the disk tilt. In the absence
of the neutron star free precession the recovery of the disk
tilt and reappearance of the X-ray source would be impos-
sible.
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